Most flagellar proteins are exported via a type III export apparatus which, in part, consists of the membrane proteins FlhA, FlhB, FliO, FliP, FliQ, and FliR and is housed within the membrane-supramembrane ring formed by FliF subunits. Salmonella FlhA is a 692-residue integral membrane protein with eight predicted transmembrane spans. Its function is not understood, but it is necessary for flagellar export. We have created mutants in which potentially important sequences were deleted. FlhA lacking the amino-terminal sequence prior to the first transmembrane span failed to complement and was dominant negative, suggesting that the sequence is required for function. Similar effects were seen in a variant lacking a highly conserved domain (FHIPEP) within a putative cytoplasmic loop. Scanning deletion analysis of the cytoplasmic domain (FlhAc) demonstrated that substantially all of FlhAc is required for efficient function. Affinity blotting showed that FlhA interacts with several other export apparatus membrane proteins. The implications of these findings are discussed, and a model of FlhA within the export apparatus is presented.
The bacterial flagellum is a complex molecular machine. It is self-assembling, containing its own type III export apparatus (17, 28) . Almost all flagellar proteins that reside beyond the cell membrane are exported via the flagellum-specific pathway. The flagellar components (basal body, hook, and filament) all contain a continuous interior channel of about 2 to 3 nm (29, 42) through which exported proteins travel to their final destination in a cell-proximal to cell-distal fashion.
The machinery which effects export consists of both soluble and membrane proteins. A patch of membrane containing the membrane-integrated components is presumed to lie within the basal-body MS ring, forming a selective pore through which exported substrates pass. This substructure of the export machinery is assumed to consist of integral membrane proteins FlhA, FlhB, FliO, FliP, FliQ, and FliR. While specific functions have yet to be determined for all but FlhB (8, 25, 40) , they are all required for export (24) . Intergenic suppression data suggest that FlhA is in contact with FliF, which forms the MS ring (14) . FliP and FliR localize to the basal body (7) . Analysis of a FliR-FlhB fusion protein demonstrated close contact between FliR and FlhB as well as basal-body localization of FlhB (36) .
FlhA is a 692-residue protein that is organized into two large domains. Its N-terminal membrane domain is highly conserved among homologs and variously predicted to contain six to eight transmembrane spans (see Discussion). It also has a large, less well-conserved, approximately 365-residue C-terminal cytoplasmic domain (FlhAc) that interacts with both soluble export apparatus components and export substrates (27) , although the nature and consequences of these interactions are unknown.
FlhA contains a particularly well-conserved hydrophilic domain of unknown function in what we predict to be a cytoplasmic loop between TMs 4 and 5. This domain, FHIPEP (for "flagellum/hypersensitive response/invasion protein export pore"), is found in FlhA homologs from various species, including HrpI from Erwinia amylovora and Pseudomonas syringae, as well as InvA from Salmonella (2, 11, 39) .
On the cytoplasmic side of the MS ring are several soluble proteins that play key roles: FliI, an ATPase which couples ATP hydrolysis with export; FliH, which negatively regulates FliI; and FliJ, a general flagellar chaperone. Two FliH and one FliI form a heterotrimer (10) for which there is evidence of association with the soluble domains of the membrane export apparatus (22, 43) . FliJ is necessary for efficient export of many substrates (21) . It associates with FliH and FliI. Purified FliI forms a homohexamer in the presence of ATP (3) . It may be that a multimeric FliH-FliI-FliJ complex delivers export substrates to the membrane components and that FliI-catalyzed ATP hydrolysis provides the energy necessary to push the substrate across the membrane. FliH and FliI partition with the cellular membrane (1). Recently, Minamino et al. (22) showed that overexpression of FliI could compensate for the absence of FliH in restoring export. Mutations resulting in altered residues within the likely cytoplasmic amino-terminal region of FlhA (at I21 and L22) enhanced the bypass effect.
To better understand the role of FlhA in flagellar export, we undertook a study to systematically analyze the importance of the cytoplasmic domains: the amino-terminal juxtamembrane sequence, the FHIPEP domain, and FlhAc with a series of deletion mutants. We also examined the interactions of purified native FlhA with other export components. What has emerged is a picture of FlhA as a central element of the export machinery. A model of the export apparatus incorporating these findings is presented.
MATERIALS AND METHODS
Abbreviations used. BSA, bovine serum albumin; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-l-propanesulfonate; GST, glutathione S-transferase; IPTG, isopropyl-␤-D-thiogalactopyranoside; MS, membrane-supramembrane; NTA, nitrilotriacetic acid; Sarkosyl, N-lauroylsarcosine; TM, transmembrane segment.
Strains and media.
The bacterial strains and plasmids used in this study are listed in Table 1 . Luria broth and soft tryptone agar plates were prepared as described previously (27) . T7 medium contains, per liter, 20 g of tryptone, 10 g of yeast extract, 5 g of NaCl, and 8.7 g of K 2 HPO 4 (pH 7.2). Ampicillin (50 g ml Ϫ1 ), tetracycline (12.5 g ml Ϫ1 ), and chloramphenicol (25 g ml Ϫ1 ) were added where appropriate.
Construction of plasmids. pJMA1 was produced by ligation of the NdeIBamHI fragment from pMM130, which contains the entire flhA sequence, into pET19b (Novagen, Madison, Wis.). The resulting sequence produces an otherwise wild-type FlhA sequence with a N-terminal His encoded 5Ј to the NdeI site.
Deletion mutations were made by a method adapted from that of Toker et al. (34) . Primers complementary to the sequence flanking each side of the segment to be deleted were used with outside primers to generate fragments of FlhA from pJMA1 using Pfu Turbo DNA polymerase (Stratagene, La Jolla, Calif.). Products were gel purified (Qiagen, Valencia, Calif.) and used as templates for a second round of amplification that produced the otherwise full-length gene lacking the deleted codons. These products were restricted with NdeI and BamHI and cloned into pTrc99A-FF4 for pJM200-pJM219. pJM272 and pJM273 were digested with NcoI and BamHI and cloned into pTrc99A, resulting in the retention of the pET19b-based His tag sequence 5Ј to the flhA sequence. The entire coding region of each plasmid was sequenced prior to use. pJMP1, pJMQ1, and pJMR1 were produced by amplification of the gene sequences of FliP (without its signal sequence), FliQ, and FliR with primers that contained BamHI and EcoRI sites as well as codons for a His 6 sequence. The products were restricted and ligated into pGEX-2T, resulting in plasmids coding for N-terminal GST fusion proteins with C-terminal His tags.
Motility analysis. For complementation and dominance studies, SJW1364 or SJW1103 cells were transformed with plasmids of interest, inoculated onto soft tryptone agar plates containing ampicillin, and incubated at 30°C. To test for dominant negative effects, 0.1 mM IPTG was included in the plates.
Cell fractionation, NaOH and detergent extraction, and protease protection analysis. To assay the membrane assembly of variant FlhAs, cell fractionation, NaOH extraction and protease protection analysis were carried out essentially as described previously (19) , and fragments were detected by Western blotting using anti-FlhAc antisera (a gift of K. Kutsukake) (23) and enhanced chemiluminescence immunodetection as specified by the manufacturer (Amersham, Piscataway, N.J.). Briefly, protease protection analysis was performed by treating spheroplasts made from Escherichia coli BL21(DE3)pLysS overexpressing the protein of interest. Three aliquots were taken: one was a no-treatment control, another was treated with 25 g of proteinase K (Roche, Mannheim, Germany) per ml, and the last was treated with the same concentration of proteinase K in the presence of 0.2% CHAPS (Anatrace, Maumee, Ohio) to solubilize the membranes and allow the protease access to cytoplasmic components. Samples were precipitated with 10% trichloroacetic acid rinsed with acetone, resuspended in sample buffer, subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred to nitrocellulose membranes, and analyzed by Western blotting.
Expression and purification of FlhA and affinity blotting target proteins. For nondenaturing purification of His-tagged FlhA, an overnight culture of E. coli BL21(DE3)pLysS carrying pJMA1 was subcultured 1:100 into 6 liters of T7. The culture was grown with vigorous shaking at 30°C until it reached an optical density at 600 nm of 0.4. IPTG was then added to a final concentration of 0.2 mM, and growth continued for 4 h. Cells were harvested by centrifugation and stored at Ϫ85°C until used.
Cell pellets were thawed on ice, resuspended in 120 ml of lysis buffer (50 mM sodium phosphate [pH 8.0], 500 mM NaCl, 20% glycerol, 10 mM ␤-mercaptoethanol, and 0.1 mM phenylmethylsulfonyl fluoride), sonicated, and centrifuged at 10,000 ϫ g to pellet unbroken cells and inclusion bodies. The supernatant was then centrifuged at 100,000 ϫ g for 45 min. Pellets (crude membrane fractions) were retained and resuspended by homogenization in 60 ml of solubilization buffer (lysis buffer with 1% [vol/vol] Triton X-100 and 10 mM imidazole). The suspension was stirred at 4°C for 1 h and then subjected to centrifugation at 100,000 ϫ g for 45 min. This solubilized membrane fraction was retained as the supernatant.
The supernatant was then loaded by gravity flow onto a 5-ml Ni-NTA (Qiagen) column, washed with 20 column volumes of wash buffer (solubilization buffer with 20 mM imidazole), and eluted in the same buffer with 250 mM imidazole. Near homogeneity was achieved in this one-column process. Protein-containing fractions were pooled and stored at Ϫ85°C until used.
FlhB(N269A), a noncleavable variant of FlhB (8), was expressed from pGFBN269A. FliF was expressed from pFFF1300. FliP, FliQ, and FliR were expressed as N-terminal GST fusion proteins with C-terminal His tags from pJMP1, pJMQ1, and pJMR1, respectively. All target membrane proteins except FliO were purified as above on a smaller scale using Ni-NTA chromatography. Ni-NTA purification of His-FliO expressed from pGS20 required 6 M urea. Other proteins, including FlhAc, were purified as described previously (27) .
Affinity blotting. Samples to be probed were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (15% polyacrylamide) and transferred onto nitrocellulose membranes with a Hoefer transblotting apparatus. The gels were loaded such that substantially equal amounts of each target protein (as determined by the Bradford assay) were in each lane. Efficient transfer was verified by Ponceau S staining. Membranes were blocked in Tris-buffered saline with 0.1% Tween 20 plus 5% nonfat milk overnight. Tris-buffered saline with 0.1% Tween 20 plus 5% nonfat milk was used in all steps and for the extensive washing performed between each step. Purified probe protein was added to 10 g ml Ϫ1 and allowed to bind for 2 h. Membrane-bound probe was immunodetected using anti-FlhAc antisera and enhanced chemiluminescence. Antibodies demonstrated no cross-reactivity to membrane-bound target proteins in affinity blot analyses performed without probe protein.
RESULTS
The amino-terminal soluble domain is critical for function. Minamino et al. (22) reported that mutations resulting in amino acid substitutions within the amino-terminal juxtamembrane sequence at I21 and L22 were pseudorevertants of a fliH null strain. To investigate the importance of this region, plasmids containing two deletion mutations, pJM272 (encoding FlhA⌬QWQIL [residues 18 to 22 deleted]) and pJM273 (FlhA⌬NT [residues 1 to 22 deleted]) were constructed. Both, although pTrc based, contained the pET19b-derived N-termi- nal His tag containing sequences of 23 residues to minimize the likelihood that the deletions would affect membrane assembly due to loss of soluble sequence prior to the first TM. pJM272 complemented flhA mutant strain SJW1364 as well as pMM108 (His-FLAG-FlhA) (Fig. 1A) . (SJW1364 has a 13-bp deletion from bp 917 to 929, resulting in a frameshift that reaches a stop codon at bp 1022.) pJM273 failed to complement. Both variants had dominant negative effects when expressed in wild-type-motility strain SJW1103; the effect of FlhA⌬QWQIL was similar to that of FlhA, whereas FlhA⌬NT had a much more severe effect. Addition of IPTG inhibited complementation and increased dominant negative effects (data not shown). FlhA⌬QWQIL and FlhA⌬NT are stably expressed and partition with the membrane fraction. Both are resistant to NaOH extraction and are solubilized by 1.2% Sarkosyl (Fig. 1B) . Further, protease protection analysis demonstrates that both are able to properly assemble in the membrane. In spheroplasts made from cells overexpressing FlhA⌬QWQIL and FlhA⌬NT, both variants had protease protection profiles identical to that of FlhA expressed from pJMA1 (Fig. 1C) . While the majority of the expressed protein remained full length in the proteinase K-treated samples (Fig. 1C, lanes 2, 5, and 8) , a band consistent with protection of a fragment corresponding to FlhAc with a transmembrane span was also seen, indicating that at least a fraction of the population is assembled. The presence of fulllength FlhA in these lanes is probably a result of inclusion body formation or a failure to assemble of much of the population of FlhA on overexpression. Alternatively, the protein could be properly assembled but incompletely digested due to partial inaccessibility. Nevertheless, the variants were able to assemble at least as well as the wild type. Addition of 0.2% CHAPS to solubilize the membranes resulted in retention only of a band similar to but smaller than the 38.5-kDa V8 and trypsin-resistant FlhAc fragments previously observed by Saijo-Hamano et al. (33a) , confirming the proper cytoplasmic localization of FlhAc and thus assembly.
The FHIPEP motif is critical for export function. A PROS-ITE (6) search of the primary sequence of FlhA identifies a motif, FHIPEP (PS00994), that is conserved among FlhA homologs. This sequence, which in Salmonella FlhA is RIAEVG ARFVLDGMPGKQMAIDAD (residues 147 to 170), is within what is probably its second cytoplasmic loop (see Discussion). pJM219, a plasmid encoding FlhA without the FHIPEP sequence (FlhA⌬FHIPEP), failed to complement SJW1364. SJW1364 transformed with pJM219 failed to export both FlgD and FliC, indicating an inability to export either rod/hook or filament-type substrates (data not shown). However, after an extended incubation time (24 h), SJW1364 transformed with pJM219 was motile in the absence but not the presence of IPTG, suggesting that there is minor FlhA function at low levels of production. FlhA⌬FHIPEP exerted a substantial dominant negative effect on motility when expressed in SJW1103 (Fig. 2A) . The addition of IPTG reduced motility to a greater extent. After 24 h of incubation, SJW1103 with pJM219 exhibited limited motility in the absence but not the presence of IPTG (data not shown).
FlhA⌬FHIPEP is also stably expressed, partitions with the membrane fraction, is resistant to NaOH extraction, and is solubilized by 1.2% (wt/vol) Sarkosyl (Fig. 2B) . Furthermore, protease protection analysis demonstrates that with FlhA⌬FHIPEP, the FlhAc domain is fully protected from proteinase K (Fig. 2C) , confirming its correct cytoplasmic location and indicating that deletion of the motif does not affect proper membrane assembly. The protected fragment is somewhat larger than His-FLAG-FlhAc produced from pMM101 (Fig.  2C, lane 5) , consistent with protection of the cytoplasmic domain and a transmembrane span. Addition of CHAPS in both cases reduced the protected fragment to the proteinase K-resistant band as seen with FlhA, FlhA⌬QWQIL, and FlhA⌬NT ( Fig. 1C and 2C) . Interestingly, the intensity of the protected band in the FlhA⌬FHIPEP sample is much greater than that of wild-type FlhA, which is almost fully protected in the proteinase K-added lane (compare lanes 2 of Fig. 1C and  2C ). FlhA⌬FHIPEP may assemble more efficiently on overexpression, perhaps due to the loss of a net charge of Ϫ1, as would be expected in obedience to the positive-inside rule (38) , or because relatively less goes to inclusion bodies. together comprise systematic partial deletion of the entire FlhAc domain were analyzed; e.g., pJM200 encodes FlhA⌬1, which lacks residues 328 to 347, whereas pJM201 encodes FlhA⌬2, which lacks residues 347 to 368. In SJW1364, only ⌬19 resulted in motility after 5 h of incubation at 30°C (data not shown). However, after extended incubation (24 h), all deletion mutants but ⌬18 were motile to some extent. Vector-only transformed SJW1364 was not motile, even after 24 h. In all cases, failure to complement coincided with failure to export both rod/hook and filament-type substrates since FlgD and FliC were not detected in culture supernatants (data not shown). When expressed in SJW1103, ⌬1, ⌬6, and ⌬17 exhibited substantial inhibition of motility in the presence of 0.1 mM IPTG, suggesting that the deleted sequences are important for function. All FlhA variants are detectable by anti-FlhAc in Western blotting and migrate at the correct position, indicating that they are all stably expressed (data not shown).
Purification of FlhA. Previously, FlhA had been purified under denaturing conditions (43) . However, a nondenaturing purification scheme was desirable since interactions of the native protein were of interest and an assay for proper refolding is not currently available. Therefore, a method was developed using a mild detergent (Triton X-100) and glycerol to solubilize the protein from crude membrane preparations, seeking to avoid misfolded protein in inclusion bodies, include properly membrane-assembled protein, and not subject it to harsh, denaturing conditions. Full-length His-FlhA was purified under nondenaturing, solubilizing conditions to near homogeneity in a one-column purification. A typical yield was about 8 mg per liter of culture medium.
Affinity blotting demonstrates interactions between FlhA and other membrane export components. To test for interactions between FlhA and other membrane export components, affinity blotting of the membrane components using purified, solubilized FlhA against targets of purified components was performed. It was necessary to express FliP, FliQ, and FliR as GST fusion proteins in order to achieve detectable expression and sufficient yield. A plasmid encoding GST-FliO caused cell lysis on induction. Therefore, denatured His-tagged FliO expressed from pGS20 was used instead.
A clear positive signal was seen with FliF ( Fig. 3) . Weaker but probably significant signals were also present for FliO, GST-FliP, and GST-FliQ. No band was detected at the FlhB 
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FlhA CYTOPLASMIC DOMAINS 7589 (N269A) or GST-FliR positions. Negative controls BSA and KcsA, an E. coli integral membrane protein (16), failed to produce significant signal, suggesting that the interactions seen are specific. Crude membrane fractions of cells overexpressing target proteins were also probed, with the same results (data not shown). The band seen for FlhA is assuredly direct antibody binding to the target, but this does not rule out a FlhAFlhA interaction. Likewise, a paucity of signal for any target protein does not rule out an interaction. Affinity blotting of the same set of target proteins with purified FlhAc gave no signal (data not shown), suggesting that the interactions observed are between transmembrane domains. Affinity blotting demonstrates interactions between FlhA and soluble export components FliH, FliI, and FliJ. Fulllength FlhA, like FlhAc only (27) , bound purified FliH, FliI, and FliJ, but not the negative-control protein BSA (Fig. 4) . Clear positive signals were also obtained with FliH, FliI, and FliJ in overexpressed cell lysates, suggesting specificity.
DISCUSSION
Topology of FlhA. FlhA has been previously predicted to have eight transmembrane spans (14) . Several topological prediction algorithms (shown in Table 2 ) generate predictions between six and eight spans. The majority, five of eight, predict seven spans (4, 5, 9, 12, 13, 32, 35, 38) . TopPred2 similarly predicts seven spans for homologs Pseudomonas solanacearum HrpO, Bacillus subtilis FlhA, and Salmonella InvA. However, the positive-charge balance of the N terminus (38) and extensive experimental evidence for cytoplasmic localization of both the N and C termini, demonstrated previously (22, 27) and herein by protease protection of the FlhAc domain, led us to predict either six or eight spans, since an odd number would place the termini on opposite sides of the membrane. Indeed, TMHMM predicts eight spans when the N and C termini are fixed to the cytoplasmic side of the membrane (E. Granseth, personal communication), a tactic proven to increase the accuracy of TM prediction (20, 31) . We further speculate that FlhA has eight transmembrane spans because experimental data suggest that its Salmonella virulence factor secretion apparatus homolog, InvA, has eight spans (J. E. Galan, personal communication), reiterating our earlier prediction, albeit with differing delineations of transmembrane span boundaries. While the precise topology of FlhA remains unknown, a schematic of likely FlhA topography incorporating the transmembrane boundaries as predicted by the fixed-termini version of TMHMM is presented in Fig. 5 . The fact that our candidate for the likely membrane organization differs from the results of the majority of prediction programs underscores the still speculative nature of topological prediction and the need for experimental determination of the topology of FlhA.
The amino terminus and FHIPEP motif are critical for function. Within the transmembrane domain, defined as the first 327 residues, all soluble loops are short except the one containing the FHIPEP motif between predicted TM4 and TM5, which is about 66 residues in length. Deletion of the 24 residues constituting the FHIPEP motif results in failure to complement in the flhA mutant and a dominant negative phenotype in the wild-type strain. It is unlikely that the deletion causes a large perturbation in the protein structure for several reasons: there is still ample loop length to allow proper transmembrane domain assembly; the protein is still able to integrate into the membrane properly, and perhaps better than the wild type, as determined by protease protection and base and detergent extraction; and its dominant negative effect on the wild-type strain strongly suggests that it competes with FlhA produced from the chromosome for assembly into the membrane export complex. The nature of the specific function of the FHIPEP motif remains a matter for speculation. Its likely cytoplasmic location suggests interactions with the soluble export apparatus component FliH, FliI, or FliJ, export substrates, or soluble domains of other membrane export components, of which FlhB is a candidate since it possesses a large cytoplasmic domain. Attempts to copurify FHIPEP expressed as a polypeptide fused to GST with FliH, FliI, and FliJ were unsuccessful, suggesting that any such interaction is dynamic or that FHIPEP itself is necessary but insufficient for stable binding. Since it is possible that FHIPEP is within the basal body lumen, we cannot rule out a very different role.
The amino-terminal sequence prior to TM1 is required for export function. Juxtamembrane residues I21 and L22 are sites for pseudoreversion variants, indicating their importance perhaps as a docking site for FliI (22) . However, deletion of 18QWQIL22 does not noticeably affect motility, although deletion of residues 1 to 22 does. The QWQIL sequence is not highly conserved, although polarity at positions 18 and 20 and an aliphatic residue at position 22 seem to be important. I21 and L22 are thus probably constituent, but not absolutely required, elements of an important binding site for FliI, other soluble export components, or substrates.
Deletion analysis of FlhAc. It would seem from the observation that all of the plasmids encoding FlhAc deletion variants in full-length flhA failed to complement and that substantially all of the C-terminal domain is necessary for efficient function. However, all of the deletions except ⌬18 resulted in complementation at extended incubation times, suggesting that there is some residual activity in each. The dominant negative effects exhibited by some, including ⌬1, ⌬6, and ⌬17, suggest a particular importance of those deleted sequences. Of note in this regard is ⌬1, which is very similar to His-FLAGFlhA⌬328-351 described by Saijo-Hamano et al. (33a) . Thus, the N-terminal sequence of the FlhAc domain may play an important role, perhaps as a flexible hinge between the transmembrane and FlhAc domains.
The C-terminal portion of FlhAc is probably in a tightly folded conformation. Our observation of a proteinase K-resistant fragment of FlhAc that is smaller than the 39-and 38-kDa trypsin-resistant and V8-resistant fragments observed by SaijoHamano et al. (33a) suggests that the majority of FlhAc is in a very tightly folded structure. It may be that deletions of 20 residues disrupt this tight folding and hence disrupts the function of FlhA.
Interactions between full-length FlhA and other export components. Kihara et al. (14) found intergenic suppressors of FliF mutations within the sequence coding for the membrane domain of FlhA, suggesting a FliF-FlhA interaction. Our results support this contention and provide direct biochemical evidence of FlhA-FliF binding. Further, the improved topological prediction places all but one of the fliF suppressors within TMs or at the terminus of a presumed TM (L118Q) (Fig. 5) , more strongly suggesting that the FlhA-FliF interaction is between transmembrane domains. The other suppressor results in an I148S substitution at the N-terminal side of the FHIPEP motif, although it, too, is near a TM. FlhA also probably interacts with FliO, FliP, and FliQ. Given the unknown roles of these proteins and the fact that FliO is not completely conserved among export systems (18) , the implications of these interactions are unclear. FlhAc and the cytoplasmic domain of FlhB (FlhBc) have previously been shown to interact (27) . No signal was seen between full-length FlhA and full-length FlhB(N269A) or between FlhAc and full-length FlhB(N269A). The noncleavable FlhB (N269A) variant was used in this study to avoid loss of the FlhBcc domain (25) during solubilizing purification. It may be that cleavage of FlhBc is required for interaction with FlhAc.
Previously, FlhAc had been demonstrated to interact with FliH, FliI, and FliJ (27, 43) . These results, for FlhA, suggest that the presence of the membrane domain does not prohibit soluble interactions. The cytoplasmic face of FlhA, including FlhAc, may act as a docking platform for the substrate-bound HIJ complex.
A cartoon model of the export apparatus proteins incorporating interactions involving FlhA discussed in this study and 
